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RESEARCH MEmRANDuM

TOTAL-PRESSURE DISTORTION MD RECOVERY OF SUPERSONIC

IJOSEINLET WITH coIm2AL CEmERBom R?

SUMONIC ICING”CONDITIONS

By Thomas F. Gelder

~ Ice was formed on a full-scale unheated su@rsonic nose Inlet in the
d NMM L-s icing tunnel to det~ its effect on caupressor-face total-
3

pressure distortion - recovery= Inlet angle of attack was wIed from
00 to p} ~=.8tr~ km number from 0.17 to 0.28, and compressor-face

Mach number from O.10 to 0.47. Icing-cloud liquid-water mntent was
varied from 0.65 to 1.8 grams p= cubic meter at free-stream static air
temp=atures of 15° and 0° F..

The addition of ice to the inlet components Increased total-~ essure-
S dzatortion levels and decreased recovery values co-ed with ckar-alr

results> the losses increasi~ with time In ice. The conibinatlonof
glaze ice, high corrected weight flow, and high angle of attack yielded
the highest levels of dlstotilon ti lowest values of recovery. The
general _cter of compressor-face distortion with an iced inlet was
the same as that for the clean Mlet, the total-pressure gradients being
predomi-tly radlalj with circumferential gradients occurrimg at angle
Or attack.

At zero eagle of attackj free-stream Mach n@kr of O.27} and a
constant corrected weight flow of ~0 pounds p= second (coqressor-face
Mach zumiberof O .43)) compressor-face total-pressure-distitiionlevel

increased fhm about 6 percent in clear dr to l+ percent sfter ~

minutes of heavy glaze icing; concurrerrMY, total-pressure recovery de-
creased from about 0.98 to 0.945. For the same operattng renditions but
with the Inlet at 120 angle of attacks a change b distortion level
occurred from about 9 percent in cle~ atr to 14 percent after & minutes

4
of Icingj with a decr=se in recovery from about 0.97 to 0.94.
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Evaluation of the mission capability of a high-speed} high-altitude>
u

all-weather turbojet aircraft requires a determination of its performance
in Icing conditions. Because the cruisi~ altitudes of such aircrsf’t
are generaUy above t!hose where icing is likely to occur, and because the
high rates of ckh?ibor descent involved greatly reduce the duration of an
icing encounter under these coriditions,elimination of icing-protection
equipment may appeer attractive. However, the takeoff and landing of
these aircr&t my present an icing probl~ as would an occasional low-
altitude loiter r~uir-t where longer icing encounters can occur.
For the lower-altitudeflight associated tith takeoff> climb} descents

1

loiter, and Wndlng> the destibility of w ice-protection system requires
knowledge of the aerodynamic penalties caused by Iced aircraft components.
Of particular interest are the icing of turboJet inlet ~mponents su+ as
cowl lips, centerb@y# and centerbody support”struts and the effect of
this icing on engine performance. -

Ideally, air flowing through the compressor face of an axtal-flow
turbo~et emgine is at uniform total pressure equal to the free-stream
value. l?racticallyJhowever, the total pressure is less than the free-
stream value and frequently not uniform. As indicated in reference lj
this nonideal or distorted flow results from such factors as internal
flow separation, rapid duct turns) the presence of struts or other ob-
structions W protuberances nonuniform compression tith inlet at angle ,/--<*-
of attack, and operation at off-design inlet conditions. Ice formations ,,

on engine-inlet components are -les of protuberances that may magnl”~ r
the distortion problem.

Distorted flow at the engine compressor face adversely affects engine -
performance in several ways. Flow distortion at the compressor face has
at times caused temperature distortions at the turbine sufficient to re-
quire a thrust derating in order to avoid local overheating. Typical
results (refe. 2 and 3) indicate ap much as a l-percent thrust derating
for each 2-percent total-pressure distortion at the compressor face (where
distortion is defined as the maximum local total pressure minus the
minimum, divided by the average). For all current turbojet engines, flow
distortions depress the surge line and thus reduce the region of surge-
and stall-free op~atioq. Consequently,mximum corrected engine speed
d altitude limit are reduced while acceleration time W minimum safe
engine speed are increased (ref%. 3 and 4). Engine airflW distortions
also increase vibratory stresses in compressor blading. ..StuUesand
proposals_$or reducing or controlling distoz%ion in clear air =e r~&d ““
in ref=ence 5. The effects of flow distortion depend on the characteristic
distortion profile (e.g.s radial} cfic~er=tial~ or ~xed) as well aS
on level or magnitude, ti different emgines are not equally tolerant of
the same distortions. Increased duct velocities and compressor blade

4

loadings of future ~ims ~ aggravate the ~*fiion problem”
.
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Verious distortion patterns were simulated (by use of screens) in
the Jet-engine studies of references 2 to 4. Although generauzing we
level or pattern of total-pressure dlstributionto be ~ected in flight
was dlfflcultj the patterns were selected to cover a range that might be
encountered. The total-pressure-distortionlevels obtained were of the
order of 15 to 30 percent.

In order to determine the effect that Ice formtions on a typical”
supersonic nose inlet might have on the type and magnitude of airflow
distortion and the value of pressure recovery at the coqressor face of
a turbo$et engine, the present investigationwas conducted in the NACA
Lewis iC~ tunnel. This study provides values of total-press~e distor-
tion and recovery as a function of corrected weight rh resulting from
ice fomattons on a full-scale supersonic nose inlet. Clesr-air data
were also taken for conparlson. Wee-stream - _essor-face Mach
nuniberswere ~kd OV= a range from 0.17 to 0.28 and 0.10 to 0.47,
respectively; inlet angle of attack from 0° to li?”j and icing-cloud
liquid-water content from 0.65 to 1.8 grams per cubic meter. In g~al.,
the data herein represent the low-fll.ght-speed,low-altitude operation
of a supersonic a5rpUme (takeoff} landing, loitering), the type umst
Mkely to present an icing problem for such an airplane.
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SYMBOLS

flow area (see fig. 2(c))} sq ft .

volume-medti droplet diameter, microns

acceleration due to gravity, 32.2 f%/sec2

Mach nwiber

total pressure

local maximum minus local

gas constant, 53.3 ft/OR

radius of inner cowl (see

radius of centerbody (see

static air teqerature, ‘F

veloctty

Inlnlmumtotal

fig* 2(c))

fig. 2(C)]
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.

corrected weight flow, lb/aec
“

liquid-water content of icing cbud, g/cu “m

inlet angle of attack, deg
—. —

ratio of specific heats, 1.4 .—

. .—
‘i%tio of total pressure to HACA standard sea-level static pressure

of 2U6 lb/sq H (29.92 in. Hg ab8) I

ratio of total temperature to NACA standard sea-level static
-.
-.

temperature of 5-M0 R

Subscripts:

CF simulated compressor-face station, S5 in. (see fig. 2)

i ihlet station, 1.9 in.

o free stream

Superscript:

area average

Model

(see fig. 2)

.—
●
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APmRA!ms‘“ .—

lmldInstallation

A front view of the supersonic-nose-inletumdel installed in the
6- by 9-foot test section of the Lewis icirg tunnel is shown in figure 1.
The over-all.length of the installation was about 20 feet, with a mati
support pedestal located n= the midpoint. Additional support was pro- “”- --
vlded by an A-frame just aft of the inlet lips. A yrototype (full-scale)
inlet was used for the ftrst few ~eet of the external cowling and the
first 7 feet within the inlet model (forward of the mu@essor-f ace
station). The aft 13 feet of the instalUtion contaWed the e~ector

.—

nozzles and ducting used to simulate the puqping action ‘ofan engine
compressor.

The conical cezrkrbody was supported by three equally spaced swept-
back struts zmnted from the outer shell or cowling, as indicated by the
schematic drawing of the inlet and afterbody in f@ure 2(a). The over-all
top view of figure 2(a) shows the inlet at 12° angle of attack. Because A

of the model and tunnel size, only the forward half of the instal~tion
was at angle of attack relative to the free-”stream. Transition sections

.
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were inserted between the inlet and afterbody to effect angles of
of 4°, 8°, and 1* in a plane parallel to the tunnel floor; thus,
actual nacelle top was rotated X@ from the tunnel top position.

5

attack
the
!DllS

umdel orientation, which was selected to best utilize the larger dimemlon
of the tumnel test section (9 f% floor width), introduces no unreal effects
on flight simulation.

The nacelle stations (inches) marked on figure 2(a) are referenced
to a transverse plane 1.9 i-s upstream of the inlet lips. T& tip of

the conical centerbcdy (25° half-angle) is ~ inches ~stream of station

o. The l/2-inch air gap shown just aft of the conical tip was used for
discharging hot @r fkom the centerbody anti-icing system, which was
inoperative for the studies reported herein. The conical centerbody fairs
in to a cylindrical section at station 20. At the end of the strai@t
cylindrical section (station 35), the centerbody ~ows to a smiler
cylindrical section that ends at the tnstrumented compressor-face statton
85. A conical tailplece closes the centerbody contour. Aft of tie tail-
piece are the transition sections for angle-of-attack simulation. The
1.$1e~ector nozzles are located between stations 120 and 138, and a butter-
fly valve is at station 211. The tierbody duct@ ends at station 240.

The front-view schematic drawing of the Inlet shown in figure 2(a)
indtcates the positions of the three cemterbody struts ti the sub-tnlet
as mxnrbed in the tunnel. This sub-inlet, which provides alr for oil-
cooling, is one of three Included in the prototype design. A side view
of the sub-inlet (located between stations 35 and 104) is also shown.
Airfluw through the sub-inlet is independently controlled by two eJector
nozzles (one shown) and a butterfly valve. A front-view photograph of
the itiet nmdel showing the support struts and sub-inlet Is given in
figure 2(b).

Flgwre 2(c) presents the annular flow areas within the naln Inlet
from the cowl-lip station 1.9 to the compressor-face station 85. These
flow emas at any nacelle station, which are calculated on the assumption
that the airflow across the annulus is parallel to the mean radtus at that
station, account for the presence of the centerbody support struts.
Significant airflow areas are: inlet ups (station 1.9], 4.576 square
feet; inlet throat (station 20), 3.40 sqme feet; azd c~ressor face
(station 85), 4.549 square feet. An enlarged schemtlc drawing of the
inlet lips is shown in figure 2(d).

The nineteen e~ector nozzles, In the _trlcal array shown in
figure 2(a), received priumry air by means of a high-pressure service
m. This alrl.inewas brought through the tunnel floor and into a ring
manifold formed by the Inner and outer walls of the esector duct. The
airline also served as the main support pedestal for the nmdel. Flow of

com?IDEm!IAL
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high-pressure ab through the e~ector nozzles was required to achieve
inlet velocity ratios greater than 1.0. ‘lhebutterfly valve (station 211) “
was used to regulate the airflow for inlet velocity rattos less than 1.0.
Although both the eJectors and the butterfly valve for the uain inlet

—-.

are shown in operation for convenience of illustration In flgwe- 2(a),
they were “usedhdependently.

Instrumentation

As shown in figure 3, mdel tistrumentation consisted of 16 rekem k
(electricallyheated cosxial presswe tubes) and 16 flush wall static -
taps, eight on the centerbodg and eight on the cowl tnner wall. AU model
instrumentation was at the simulated Coqressor face (station 85); a
photograph looklng upstream at this station is shown In figure 3(a). A
schematic drawing looking downstream at the compressor-face instrumentalIon _
Is presented In figure 3(b). The five concentric rings of total-pres6ure
tubes were located in equal annular flow areas. The eight pairs of flush
wall static taps were spaced midway between adJacent rakes. In addition,
one ring of stream static tubes was located at about the average radius
of the flow annulus. The three centerbody support struts, although about
3 feet upstream of the compressor-face station, are dashed in on figure
3(b) for convenient reference. --.. —

The couqmessor-facetotal pressures were measured by an integrating 9

multitube manometer board, aud the static
multitube manometer board. Readings from
~phically recorded.

PIUXXWRE

In a typical icing test, free-stream

pressures by a-conventi~nal “–
these manometers were photo- . ‘~”-~.—

..-

Mch nuniberand temperature
and compressor-facelkch nwi%er were established in cl- air: The
desired compressor-faceMach number was obtained by regulating the
pressure of the primary air to the e~ector nozzles or by the positton of
the butterfly valve. M%er recording the clear-air data, the water sprays
were turned on and the reheated mdel was allowed to ice. ~ee-stream
conditions were matitalned constamt during the icing period, but no
adJustmerrtswere made to mxktain the initial compressor-faceMch nunber.
Rressures at the simulated compressor-face Station were recorded at 1-
to 2-minute intervals throughout the Icing period. Afkr a 5- to 10-
minute total icing time, the tunnel and mdel airflow were stopped and
the iced

The

nmdel was photographed.
..
----—,

test conditions are s~ized in the following table:

comTmvTIAL

●

✎



.

NACA RM E57G09 CONFIDIINTlxL 7

lngle of FYee- Mitial Liquid- volume- Free-stream Run
Mack, stream conrpressor-Water median static 8*
a,deg Mach face Mach conteuxt, drop teq~ature,

nuniber,nunib_=, tO, ‘F

% %?
J; ~ d~;

micronsa

)azYd4 0.24 0.09-0.45 0 0 40 Clear air

o 0.17 0.46 1.0 sl 15 7
.17 .45 1.8 1.6 15 6
.25 .10 1.3

b .47
1.6 15 3

.26 1.3 M
b .47

15 2
.27 1.3 M M 1
.27 .65

b::
xl 15 4

C.28 .65 U o 5

4 0.27 0.46 1.3 M M 14

8 0.27 0.46 1.3 16 15 13

12 0.24 0.11 1.3 1.6 ls” 11
●27 1.3 16

b::
E “9

.27 1.3 M 15 8

.27 1.3 M M
b:%

10
C.28 .65 11 0 12

%roplet diameters herein=. volum&median values wt.tha Langmuir ‘D”
size distribution (ref. 6).

bldax.possible without choking inlet throat (statton 20, fti. 2(c)).

cMax. possible for nmdel and tunnel used.
.

Wst of the data herein were obtained for the high -e of
compressor-face Mach nunibers,which is dust below the Mach nurib= required
to chake the inlet throat and thereby slmuletes operation near rated engine
speed. The low range of compressor-face Mach
near Idle engine speed.

ANALYSIS AND PRmEm!AmoN

nuriberssimulates operation

OF JMTA

The compressor-face pressure data are reduced to the conventional
definition of to~al-pressure recovery by dividing the area-averaged
total pressure Pm by the free-stream value P.. Since the total-

pressure tubes at the compressor face were located in equal annular flow
was readily obtained from the integrating ~met er system

;:SGL,) . Total-pressure distortion (percent) is umiall.yand here-
in defined as the difference between the maximum * minimum total pressure
measured at the compressor-face station AP~ divided by the area.

—
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averaged total pressure Fa. The total pressure is generaUy at a

mldnum near the cowl wall; thus, distortion values depend on the nuuiber
of pressure tubes and the proximity of the outboard tubes to the wall.
The outboard pressure tubes are located at-about 95 percent of the duct
radius, as they usuaUy are in studies of this kind. Corrected weight
flow (wW/b) ~ was determined from the =ea-averaged compressor-face
Mach nwib~ ~ the flow area as follows: . .—.-—

‘%

= ““’‘T=&’
(where ~ = 4.549 Sq ft, fig. 2(c))●

%?)

lb/see

--

The tunnel data from this tivesttgation are presented in two forms.
In the first, curves of total-pressure distortion (APcF~cF) 100 (percent)

ati total-pressure recovery P~/PO sme given as functions of corrected

weight flow at the simulated Coqressor fae~ (w@/8 )~ ● *ected

weight 51.ok is used as the independent ~tm because .

(1) Flow di*ortion is prl-ily a function of corrected weight flow
(ref. 5), and

— —

(2) The u~e of w@/~ aids in the int=pretation of results in
terms of operation at’constant corrected engine speed (ref. 7).

In the second form, the type or character of df.stofiionis shown by
contour maps of the ratio of local coqressor-face to free-stream total
pressure Pw/PO for selected ichg times. In addition, photographs of

the Wet taken at the @ of the icing period are presented. The contour
maps and icing pictures are presented} for convenlencej In the same
geometric sense as the n.mdelwas umunted b th tunnel; that is, the actual
nacelle top is rotated 90° ~om flight orientation.

—

—

—

.-.

. .

.

As described under PROCXEURE, the airflow tlmough the inlet during
an icing run was not adJusted for decreases In the Initial corrected
weight flaw (initial compressor-face Mmh number) caused by the Ice
formations on the inlet coqonents. Her~er, this type of operation
IS referred to as “tunnel mode of Op==tfona” ~ls tunnel we of.
operation resulted in static pressures at the simulated compressor face “-
w to 0.8 Inch of WCUZT higher at the end of an icing run than the
initial values in clew air. Because the total pressures at the - “““ -. :

comIDmmAL
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compress~r face continually decrease with icing time the resultant Mch
number ~ (and thus the corrected weight flow (w@/~)cF) decreases.
For a typical cmgine, however, the engine controls would mintain (for
a particular free-stream condition) a constant corrected engine speed
(within limits) resulting in a constant corrected weight flow. This
type of operation is referred to h=ein as “engine mode of operation.”

The effect of mode of operation in evaluating cogressor-f ace alrfluw
distortion d pressure recovery resulting from Iced inlet co~onents is
illustrated in figure 4. This figure is a sch-tic representation of
typical total-pressure distortion and recovery data as a function of
corrected weight flaw. The dashed curves for zero icing time (clear air)
indicate the usual trends of distortion ticreases and recovery decreases
with increased corrected weight flow (refs. 5 and 7). Similar but more
pronounced trends =e noted for the dashed curves for 5 minutes - icimg
(fixed free-stream icing condition). The solid lines connecting the
symbols (nwiber beside each data symbol demtes minutes of ici~ at a
ftied free-stream mndlt ion) represent data obtained from a typical
tunnel mode of operation. For the tunnel mode, corrected weight flow
decreases with icing time; concurrently, distortion and recovery continue
to increase and decrease, respectively. Generally, a change in the
free-stream ichg condition till shift the curves of constant ic3mg time
for all icing times greater than O. Also indicated in figure 4 10 the
inlet-throat (station 20, fig. 2(c)) choking Mmit (assuming no losses).

With an engine operating at a constant corrected engine speed, the
curve for engine mode of operation would be verti~l at a particul&r
constant value of corrected weight flow (dotted line, fig. 4). The shaded
areas in figure 4 emphasize the range of divergence between the tunnel
mode of operation (solid Ilne) and the engine tie of operation (dotted
vertical llne). Changes in distortion and pressure recovery with icing
time are ficreased by the engine mode of operation as compared with the
tunnel nmde. Bg presenting data for total-pressure dlstortton and
recovery In the form of figure 4$ interpretation of results is not
completely restricted to the tunnel mode of operation, and a reasonable
approximation of losses at constant corrected weight flow (engine nmde of
operaticm) is possible.

RESULTS AND DISCUSSION

Total-pressure distortion and recovery as functions of corrected
weight flow are presented in figure 5 for all.conditions studied herein.
Figures 5(a) to (d) depict four d~ffereti free-stream icing conditions
with the inlet n.mdelat zero emgle of attack. For a pm?ticuk icing
condition, the effects of angle of attack are illustrated in fIgures 5(e),
(g), am (h), for ~les of Ho, 8°, ~ 4°, respectiv~~ For 1% angle
of attack, figure 5(f) presents data for a less severe icing condition
than that shown in figure 5(e). ‘Iheeffects of corrected weight flow,

coIvFImNTIAL
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free-stream icing condition, icing time, angle of attack, and mode of
operation are obtained from a study of the data In figure 5. These effects .
are isolated and presented separately in the following discussion.

ClearAir Results
.-.

As descrtbed under PROCEZXJRE,cleex-air data were taken as the
s=ing point (zero Icing time) for all the icing runs reported. In
addition, the model was Studied in clear air for Oo and 40 angle of attack
and free-stream Mach tier of 0.24 bver a range of corrected weight flows “
from 35 to 155 pounds per second (figs. 5(a) and (h)). All clear-ati data
from figure 5 are sumarized for convenience in figure 6. From flgure 6
at 0° angle of attack and a .fiee-streamKch nuriberof 0.24, increasing
the corrected weight flow from 75 to MO pounds per second increases
total-pressure distortion from 1.2 to 7.1 percent and decreases total-
pressure recovery from 0.997 to 0.975. Further Increases in corrected
weight flow cause the distortion and recovcq curves to become asymptotic
to a corrected weight flow near 167 pounds per second (the inlet-throat
choking ltmit assuming no losses). Results at 4° angle of attack are ‘-
nearly the same a8 those at 0°.

.

E

..
At 12° angle of attack (fIg. 6), distortion is increased and recovery

decreased compared with.simll.ardata at 0° angle. For exeqple, at ~ .
of 0.27 and corrected weight flow of 150 pounds per second, distortion
and recovery at 12° angle of attack are 9 percent and 0.97, respectively,

mmpared with 5.7 percent and 0.982 for 0°~augle of attack. Y
.

The clear-air pressure-recov
7

values at free-stream Wch number of
0.24 and 0° angle of attack (fig. 6 are in_agreementwith those obtatied ““
in reference 8 for a blunt-cowl lip at the same conditions. The data of
reference 8 also indicate = improvement in clear-air pressure recovery
with an increase in free-stream Mach nu?iber ~. Some substantiationof

this improvement Is obtained from figure 6 by comparing, at a corrected
weight flow of 158 pounds per second and 0° angle of attack, the pressuie -

.——

recovery of 0.974 and about 0.96 at ~ of 0.27 and 0.17, respectively.

This imprtivementin pressure recovery with increased ~ is also reflected

in a reduced distortion level. Reducing ~ with constant compressor-face

weight flow or Mach nudber ~ increases the inlet velocity ratio.

As discussed in reference 9 for an inlet “b clear air, an inlet
velocity ratio less than 1.0 causes the stagnation region to occur ~ide
the cowl Up; hence, the airflow that continues to the compressor face is
relatively undisturbed. For inlet velocity ratios greater than 1.0,
stagnation occurs on the outer cowl, resulting in possible separation of ●

the flow from the lip in making the turn tito the met @ then to the _ .
compressor face. Applying these considerationsto the data of figure 6 -.
cofilrms the trend of gr~ter”pressure losses
Mach nuniber(relatively higher inlet velocity

COJ!a?IDENTIAL”
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air,

Figure 7 shows the effects of corrected weight flow, free-stream
nuuiber,and angle of attack on the *et= of dlst,ortlonin clear
by means of,contour maps 0$ the ratio of local coqmessor-face to

9

.

free-stream total pressure P~/P(). These pressure-ratio contours are

. plotted In 2-percent increments with ratios of 0.98 to 1.00 implied within
the area enclosed by the 98-percent contour, and so forth. Values of
corrected weight flow, total-pressure distortion, total-pressure recovery,
and Inlet velocity ratio sre tabulated beside each map. The ratio of local

?

static pressure to free-stream total pressure, which is also Indicated h
figure 7, represents the llmltlng contour value at the walls.

For 0°,angle of.attack (figs. 7(a) and (b)), the total-pressure
contours are generally symmetricalwith radial gradients. With the h@her . ●

range of corrected weight flows In figure 7 (” 155 lb/see), the slight
pressure valley at the 3 0iclock POsition results from the presence of an
upstream centerbody support strut located in the same plane as one pair of
total-pressure rakes (see ftg. 3(b)). Total-pressure depressions resultlng
from the twu remining centerbody support struts (7 and 11 01clock) are
not shown by the data, because the total-pressure rakes were not lchted
directly downstream of these struts (fig. 3(b)), and their pressure
reductions consequently were not recorded. An Increase In corrected weight
flow .(fig: 7(a)) or a decrease in free-stream Mach nuuiber(fig. 7(b))
increases the pressure gradients, reduces the areas of highest pressure
recov~, and results in lower values of average recovery, as previously
noted in figure 6.

For 12° angle of attack (fig. 7(c)), the total-pressure contours are
symmetrical about their horizontal diameterj the plane In which angle of
attack was affected for these studies. For all runs at angle of attack
other than 0° there Is a pressure valley in a sector about the 9 0fclock
position. This valley is most pronounced for the lZ” angle data and is
caused by the angled oncoming flaw. At angle of attack, the oncoming
airflow approaches the inlet from the left looking downstream, and hence
the 9 0Iclock region is the mat obstruct~ by the cowl. Thus, what was
a genera- mtri=l - rti~l distortion pattern at 0° angle of
attack (figs. 7(a) and (b)) becomes, for 120 angle (fig. 7(c)), a mixed
pattern with circumferential ~ents due to the angled oncoming flow.

At the higher corrected weight flows d free-stream Mach nkibers,
the total- ressure asymmetry n= the cowl wall betw~en 4 and 5 0tclock

?positions figs. 7(b) and (c)) is the result of the nmde of sub-inlet
operation (see APPARMUS) . By induc~ positive airflow through the sub-
inlet by means of its eJectors, the sub-inlet becomes a local boundary-
layer bleed that provides some @rovement of compressor-face total pressure
in the sub-inlet sector. Some subsequent data will show the result of no
sub-inlet eJection, in which caae air flows upstreem fmm the sub-1.nlet
into the Mln inlet (reverse atiflow through sub-inlet), resultlng in a

CONFIDEN!IZAL
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.

decreased total pressure at the compressor face in this sector. Although
a quantitative study of”the effects of sub-inlet operation is beyond the
scope of this investigation,the type of sub-inlet flow is indicated on

9

each clear-air total-pressure-contourmap.

Icing Results

Effect of icl~ time anl intensi~ at zero angle of attack. - To*l-
pressure distortion and recovery are plotted as functions of icing time
In figure 8 for several icing Intensities (several combinations of llquid- li
water contmt,

?
let diameter, and air t~erature) . For the tunnel

. mode of operation..fig. 8(a)), corrected weight flow decreases with
Increasing IcI% time as previously discussed. The ratio of corrected
to initial corrected weight flow is given for each data synibol(initial
value tabulated in key for each run). For the engine mode of operation
(fig. 8(b)), corrected weight flow remains constmt at the initial,value
for all.icing times.

For %oth modes of operation total-pressure distortion increases and
total.pressure recovery decreases with increasing time in icing, the
pressure trends belmg markedly more severe tith the engine mde. (Here-
inafter, brackets are used to identify distortion and recovery values
obtained from constant-corrected-weight -flow [engine mode ] irrterpretation
of the tunnel data.) For example, in figure 8, run 2, distortion increases

.

from about 7 percent in clear air to about 10 percent [M percent] after

+ ml.nutesof icing (wt of 1.3 g/cu m, ~d of M microns, tO of 15° F, P

and ~ of 0.26). Concurrently, total-pressure recovery decreases from

0.968 to 0.955 [0.9341. A reduction in icing intensity from 1.3 grams
per cubic meter and 16 microns to 0.65 grsm‘per cubic meter and 11 micFons

—

(run 4, fig. 8) reduces distortion and improves recov~. After ~

minutes of run 4, total-pressure distortion and recovery =e about 8
percent [10 percent] and 0.973 [0.967];respectively.

Comparison of run 1 (initial corrected weight flow of Ml.5 lb/see)
with run 2 (inttial corrected weight flow of 159.2 lb/see) In figure 8
emphasizes the sensitlvtty of distortion level ati, to a lesser extent,
recovery to szwallchanges in the initial corrected weight flow when this
value approaches that required to choke the “inletthroat (see figs. 5 and
6). The distortion level is higher for run L than $or run 2 for all icing -
times; and the difference due to corrected weight flow is greatest In clear
air, decreases with time in icing, and remains about constant for tcing
times greater than 2 minutes. For the range of conditions studied, changing
icing-clmzd temperature from IS” F (run 4) to 0° F (run 5) had little
effect on increasi~ distortion or rducimg recovery with time in tclng.
The dlffexent levels illustrated for runs 4 ‘and5 in figure 8 result
primrlly from clifferent hit id values of corrected weight flow.

D

.-

.
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The effect of icing time ti intensity on total-pressure distortion
and recovery is illustrated also by the photographs W pressure-contour
maps of runs 1 and 4 in figures 9(a) and (b), respectively. The ice

formed on the inlet components after + minutes of run 1 (wt of 1.3

gjcu m,
%

of 16 microns) is the rough and knobby glaze type, which
exhibits s *cteristic tendency to grow perpendicularly to the local
airflow. Individual lumps of ice are symmetrically located around the
conical centerbody forward of its maximum diameter. Mushroom-type ice
formtione appear on the leading edges of the centerbody support struts.
Ice on the cowl lip is nearly symmetrical, the formation incMning inward
toward the model centerline. M Co-ison with run 1 (fig. 9(a)), the

ice formed on the inlet sfber ~ minutes of run 4 (fig. 9(b)) is the smooth

and streamlined rime type, which tends
airflow.

The glaze-ice formations of run 1
rime-ice formtions of run 4 and cause
airflow, as reflected in the tabulated

to grow panel to the local

are considerably larg~ than the
mre disturbances to the inlet
values of distortion smd recovery

and in the corresponding total-pressure-contourmps. Except for the
local flow disturbances caused by the 3 o‘clock support strut and the
sub-inlet between the 4 and 5 o‘clock positions previously discussed, the
total-pressure contours are generally symmetrical,with radial gradients
or distortion. At zero ic~ ti~ the presswe ~~i~ts ~e nmst severe
near the cowl wall. With time in icing the gradients increase near the
cowl and centerbody and extend farther into the flow annulus, thereby
reducing the exea of high pressure recovery. The photographs and pressure-
contour maps for glaze-icing run 1 in figure 9(a) are typical of those
obtained for the other glaze-icing runs 2 and 6 (figs. 5(a) and (c),
respectively). Liketise, figure 9(b) for run 4 is typical for the other
rime-icing runs 5 d 7 (figs. 5(b) and (d), respectively).

lHfect of inlet velocity ratio at zero angle of attack. - As
previously discussed for the clear-air data, the ah stagnation region
shifts from inside the cowl lip at inlet velocity ratios less than 1.0
to outside the cowl lip at inlet velocity ratios greater than 1.0. The
shift in air stagnation UJsewlse shifts the location of cowl-lip ice
formations. For example, the icing photographs of fIgure 10(a) show
glaze-ice formations on the inner but not outer cowl lip for run 3 at an
inlet velocity ratio of 0.45. At inlet velocity ratio of 2.29 (run 6),
the photographs of figure 10(b) show glaze ice on the outer but not the
her cowl lip. Except for run 3, all 0° angle data herein are for inlet
velocity ratios greater than 1.0, emd hence there are no inner-cowl ice
formations. The out--cowl Ice formations alter the effective cowl-lip
profile in a mamner that tends to lessen the internal flow disturbances
incurred with higher inlet velocity ratios, thus reversing the cl=-air
trends previously discussed. ‘Thisd’feet is discussed h the following
paragraphs.

comIDEmmL
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Profile sketches of ice on the cowl lip for runs 2, 6, and 5 are
presented in f@~_es n(a), (b), and (e), respectively. The Inlet velocity .
ratios quoted ere averages over the icing times shown. l%e free-stream
conditions and values of co~ressor-face distortion md recovery are
tabulated beside each sketch. Because dis%tiion and pressure recov&y
are primarily functtons of corrected weight flow, which varied wtth
icing time in a different manner for each of the runs (see fig. 5),
a Comparison of inlet velocity ratios based on the tunnel mode of operation “-
is unsuitable. Therefore, the @letortion and pressure-recovery values
tabulated In figure 11 are for an engtne nmde of operation (constant
corrected weight “flowof 2.57lb/seej approxlmatel.ythe initIal value for ~
runs 2, 5, and 6) and for an “equivalent” ice catch on the leading-edge
region. This equivalerrtice catch corrects for the clifferences In icing
time, flight speed, liquid-water ccmtent, and collection efficiency of the .
runs illustrated and thereby normalizes these runs to a coummn value of
leading-edge ice thickness (approx. O.8 h.) .

The sketches of figure U. reflect the tunnel mode of opemation, and
they do not depict equivalent ice catches. However, the &etches are
considered indicative of the general shape and 10cation for a comparison

based on equivalent ice catch and ei@ne mode of operation. The profLle
sketch of figure 11(a) (V1/Vo s 1.45) shows a glaze-ice formation with a ,=

horn protrud~ forward and into the inlet opening. The glaze formation
of figure n(b) (Vi/Vo w 2.38) is pointing away from the inlet entrance .“

In a reamer consistent with the higher inlet velocity ratio. The horn
protuberance of fIgure 11(a) results in -eased airflow disturbance
around the cowl lip and poorer compressor-faceflow as compared with

v

figure n(b). For example, with.an equivalent leading-edge ice catch of

3# pounds per square foot, distortion and pressure recovery are [20 p~cent]

and [O.915], reepe~ively, for Vi/Vo of 1.45 compared with [M percent]
d [0.93] for vJvo of 2.389

C_lson of a glaze and a rime cowl-lip Lce formation at nearly
the same inlet veloci@ ratio is illustratedby figures n(a) ~ (c). “
The smother rime formation of figure 11(c) results in distortion and
pressure-recovery values of [M percent] and [0.945], respectively, an “
t~rovement over the coqarable glaze formatlon values of [20 percent]
and [o.9151. Coqressor-face distortion and recovery for the rime Ice

formation (fig. 11(c)) axe also an improvement ova those obtained at
the higher Inlet velocity ratio with glaze ice (f@. Xl(b)). The
distortion and pressure-recovery values also include the effects of ice
formations on the centerbody and support struts, while only cowl-lip ice
is illustrated by the sketches. However, the mntour plots of figure 9
indicate that cowl-lip disturbances are the nmre contiolllng factor.

coImDmw
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Effect of icing time and intensity at angle of attack. - Total-
pressure distortion and recovery are plotted as functions of icing time
for 8° and 12° angles of attack in figure X2 in the same ~ as
previously discussed for 0° angle in figure 8. Run 2 from figure 8 is
replotted.in figure 12 for convenient reference. In figure 12, total-
pressure distortion increases and total-pressure recovery decreases with
increasing time in icing for both males of operation, all angles of attack,
and all,icing conditions. At 12° angle of attack (flg. 12, run 9),
distortion increases from about 11.3 percent in clear air to about 13

percent [17 percent] @tar 2+ minutes of gleze ictug (wt of 1=3 g/cu mJ

‘ ~ of 16 microns, to of 15° F, and ~ of 0.27). Concurrently,

total-pressure recovery decreases from 0.966 to 0.948 [O .931].

At 12° angle of attack, a reduction in icing i?rtensityfrom the
glaze condition of 1.3.grams per cubic meter, 16 microns, and 15° F
(run 9).to a rime condition of 0.65 gram per cubic meter, 11 microns,
and 0° F (run 12) reduces distortion end improves recovery. After

~ minutes of run 12 (fig. IZ) total-pressure distortion and recovery are

“ only slightly less favorable than in clear air.

As shown in figure M, increasing angle of attack from 0° to 12°
increases distortion and reduces recovery in both clear air - in icing

(icing duration, + mi~tes). These aerodynamic penalties are greater

for the iced inlet and for the higher values of corrected weight flow, as
previously discussed. In clear alr (data from fig. 6) for a corrected
weight flow of 150 pounds per second, distortion increases from about
6 to [9 ] percent and recovery decreases from about 0.98 to [O.97 ] in
goimg from 0° to 120 amgle of attack”, but, after a brief glaze-icing
encounter (~ rein),going from 0° to 12° angle increases distortion from

1+ to [14] percat and reduces recovery from about 0.945 to [0.94].

Thus a few minutes of glaze icing minimizes angle-of-attack effects on
distortion level and recovery.

Photographs of the inlet at 12° angle of attack are shown for glaze
ati rime icing in figures 14(a) and (b), respective. Figures 14(C) and
(d) illustrate a glaze formation for 80 and 12° mgles, respectively, the
latter to Illustrate the effect of inlet velocity ratio near 1.0. All
photographs in figure M show an aeyunnetricice formation on the inlet
due to angle of attack. ‘Iheice formation is predominantly on the wind-
ward side of the centerbody and cowl; the sheltered surfaces are nearly
ice-free. In general, the icing photographs at angle of attack show no
ice formtions on the inner cowl ua~ for inlet velmcity ratios greater
than 1.0, as was also true for @ ~le. The photographs for run 10
(fig. 14(d)) tier 5 minutes of glaze icing show traces of ice on the
windward ironercowl. ‘Iheinlet velocity ratio approached 1.0 in this run.



The closeup photographs of run 9 (fig. 14(a)) and run 13 (fig. 14
(C)) show a nested cup ice formation on the centerbody which is typical ~
of that”on the leading edge of a swept airfoil. Comparison of the two
closeup photographs taken after tunnel shutdown in figure 14(c) with that
taken sfter Icing spray off but before shutdown shows that about two-thirds
of the cowl-lip ice was lost from the nacelle top during shutdown. This
10-minute ice formation blew away from and not into the Inletj the ~del ‘“-
being at 8° angle of attack with inlet velocity ratio greater than 1.0.

With increasing time In icing, the total-pressure-tintourtips of
figure 14 maimtaln the initial cl--air pattern of distortion previously E
discussed, but the pressure gradients increase and the areas of high
recovery are reduced Into two annular sectors above and below the hori-
zontal diameter. —

Photographs sd total-pressure contours for run 14 at 4° angle of
attack are not shown, because they were similar to those presented and
discussed..for 0° angle.

Concluding Remarks . . —

Coqressor-face total-pressure distortion and recovery are closely
related to the particular design and operation of an inlet in clear air
or In icing, and the type and location of inlet tce are Important factors.

*

Under certain icing and operating conditions the data herein indicate that _ . _
ice formtions on an engine inlet cause increased distortions that may
result in significant thrust reductions ati surge or stall problems, based

w

on previous data. These penalties to engine performance may be approxi-
mated from the data presented herein for an engine with known distortion
tolerance.

Although there was little breakoff of ice frcm the inlet components
during these studies, the clang= of ice bre~f f and ingestion by the
-e ~~s ~ ~uM be c~sti=ed tith reference to ekhnlnation d

—

an Inlet icing-protection system. Thus, the possible penalties regarding
engtie performance W engine damage accruing from inlet icing are such
as to favor Icing protection for the inlet unless the particular cor)fig-
uratton or flight plan reduces the rlaks of no protection to an acceptable
level.

8UMM4RY OF RESULTS

The effects on compressor-facetotal-pressure distortion and recovery
of ice formations on the unheated supersonic nose inlet studied are
summarized as fOllows:

-.
E

.
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1. The addition of ice to the inlet components resulted In Increased
distortion levels and reduced pressure recovery coqsred with cle=-alr
values, the losses increasing with time in icing.

2. The compressor-faceflow losses were ~eatest for the higher
corrected weight flows and angles of attack and for glaze-ice fomtions.
Afkr a few mhutes of glaze Icing the effects of angle of attack on
dl.stortionlevel and recovery are minimized.

3. The general character of compressor-face distortion with an iced
Inlet was the same as that for the clean inlet except for steep= pressure
gradients (distortion patterns). The pressure gradients with the Met
studied w=e predominantly radial, wtth circumfereutial gradients occurr~
at angle of attack.

4. F%om a constant-corrected-weight-flow (MO lb/see, compressor-
face Bhch nwiber of O.43) Interpretation of the tunnel data, total- .
pressure distmtion increased from ~out 6 percent in clear ati to ~
percent sfter ~ minutes of heavy glaze iciug. Concurrently, *o~-

pressure recov~ decreased from *out 0.98 to 0.945. These results are
for the inlet studi~ et 0° ule of attack, a free-stream Mach number
of 0.27, a liqutd-water content of 1.3 grams per cubic meter, a droplet
diameter of M microns, and a free-stream static ah teq=ature of 15°
F. For comparable operating conditions but with the inlet at 12° angle
of attack, a change in distortion level occurred frm about 9 percent In
clear air to 14 p~c~t after ~ minutes of icing, with a decrease in

pressure recovery from about 0.97 to 0.94.

Lewts FMght FTopulsion Laboratory
l?ationalAdvisory Committee for Aeronautics

Cleve~, Ohio, July 11, 1957
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Time In Icing, min

Cyre::d weight flovj
o 4

1.61.5 146.4
Total-pressure dlaturtionj % 1.2.7 13.2
!l!otal-presawerecovery 0.8’73 “ 0.643
Inlet vel.cklty ratto 1.63 1.43

Local static pressure
kee-stream total praaama

0.652 0.83’7

*-

—.
—.

l?.hCARM E57G09

.

,“.

136.3
12.e
0.935
1.35

0.642

Photo~ephs after 6~ minute,a of ioing

.—
..-

.- --- .—. --

.
....

.

(a) Run 1. X%ee-straamMaoh number, O.~; free-stream statioair~ture, l+ B;
liquid-watemocmtent,1.3 grams par oubio meter; Volume-mediandrop diameter,
16 miorona:

Tigure 9. - Maps of 100s1 to free-streamtotal-pressureratio at ocqpressorfaoe and
photographsof load modal. hngle of attaok, @.
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Tim In icing, Ulin o
correctedVeQht. flow, $ ..

lblaec 156.9 147.6
TOtS@H3SLUW titortion, % 6.8 8.0
l’otdl.-preeaurerecmery 0.960 O.qo
IDlet velocity ratio 1.60 1.49

Uxal. static pressure
FTee-etream total pressure 0.649 0.656

.

.

*

144.9
9.1
o.9q
1.44

0.060

(b) Run 4. --StZWEOM Ms* n-, O.~; frea-stieamstatio air temparat~, &’ F;
liquid-wateroontent, 0.65 gram per oubic inter; ~olume-medienrlropdiameter,u microns.

Figure 9. - c~luaea. l&ps of 100al to free-streamtotal-pressureratio at oqssor
face and photographsof ioea model. hgle of attaok, @.
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(a) Hlot@&alas after a minutes of idlw run 5. Inlet Yel.ooi* ratio, 0.45. rree-
- iitraam&& rnnd)er,O.25; ltquid-vati- coded, z.5 grams pem-oubio &eterj eorreoted
Velght flow) 42.5 RuLnldax Seocmd;totsl-lo?esslmaUatorticm, 0.9 peruent; totsl-
~ssure reoovery,0.997.

(b) Photo~phe after 4$ minute.ed iaing,run 6. Inlet velooityratio, 2.29. Ecee-
sti l&oh ~, O.l~; llquid-~t~ o~t~t, 1.8 _ x ~bi~ md~j o~dM

wW@ht fhf, 146.9 ma P a&3Undj tOkl-~SLW’S dhltortkl, 11.5 ~CIZUt; total-

~essure raoovery, 0.950.

MgUre 10. - ErYeot of inlet velooityratio cm model ioe fcomaations.Angle of atteok, 00j
flme-stmsm Statiosir te@acatnre, 150 r; volume-medianWemster, 16 miorona.
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~:g ~ Initial correotedRuns
weight flow,

lb/Bee

+ 2 0 0.26 159.2
+13 “a .27 158.4
+912 .27 158.1
‘~– 12 12 .28

20
160.0

horrethed ~eighk fld
\ .1 ~t;-n oorreabedweight

18
Ow

I I I I

8 /

1.0

.-
. .-1 1.3 18 15

J-J
J

.85 11 011

~ .98

-S
P“
.

F .96
P .99
0

i!

.95

!2 .94 -
: .“89
~

.

j
~ .920

2 “4 6 0
minutes of ial~

tile of
at taak,

12

12- .-”

4
d

[

(a) Tunnel mode of.operation. b) Ewine mcde of operation.

-.

Figure 12. - Effeat of icing time and Intemeity on total+remiure d18tortlon _
and reoovery at diffuser exit (compressor face) of supersonla noseinletat
120, 8°, and 00 angle of attaak.
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111111 Corrected Courprest30r-

16 weight flow, face Mach

/

W/z 8, nuiber, ~
lb sec

1.2
} 1.50 0.43

IQuid-water ccmtent, 1.3 ~cu m;
_tioplet diem.,16 microne; free-,

IT&emu static d.r teqp. j lSO F

/ ‘*

a /

r
/

/ rIn cleer air
~

4 — ~ 100 .2 7—

/ / “ J
— — —

0~

.-

Angle of attack, u, deg

-e ~. - Effect of angle of attack on total-pressure
distortion and recovery at diffueer exit (ccqpresaor
face) of sqperarmic nose Inlet ulth c~tent corrected
veight flow (engine mode of operation). Free-stream
M%ch number, 0.27. ,
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T33m In icing, mln o 3
Correctedweight flow,
lblaec 158.1 150.4

l!otal-preeawe diatortlon,$ U.3 13.5 “
Total-pressure recovery 0.966. 0.846
Inlet velocity ratio 1.58 1..45

lacel static pressure
Y’ree-stre em total peeeure ,0.835 0.832

NACA RME~G09

h
I

6 .

147.6
ls.1
0.938
1.41

..-
0.828

Photograph erkir 6 minutes C& Lo%mg

(a) Run 9. Angle of attaok, 14; free-stieamWoh nmiber, 0.27j free-streamatetic
air temperature, IS F: llmd~-watermntent,1.3grama per cubio meter; volume-median
drop M&eter, 16 mlcr&e. -

Tlgure 14. - Maps of 100al to
mgm of 1- model.

free-stream total-premmme ratio at ooqpret3sorface and
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TwIn
9 tunlml

PO?IPO,% 1

0

3

.

.

.

.

\\\\ b

* In
Uqllt

Time in icing, min o
Oorrected might flov,
lb/see Moo

Ntal-premeuei dletortion, % 11.5
!lbtal-pressurerecovery 0.985
Inlet veIncityratio 1.80

Local static pressure
Wee-stream tot al p3esure

0.830

158.8
li?.1
0.955
1.54

0.825

39

(b) Run 12. A@a of attaok, @; frea-tatra?im Mad ?mmiber, 0.28j free-stream static alr
s~u~ ~~l~@d-n* o-t, O.= ~m Per oublo meter; volume-mediandrop

J

Hgure 14. - Comtinued. hhps of local to fresstreem total-preseurerfitioat ormpressor
faoe and photographsof ioed mdel. “
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.T#l

-w—

.
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n

.=

!FlmeIn icing, tin o
Oorrectd.Wlght flow, +$ —--
lbjaec 1.56.4 140

.
134.1

Total-gmessuredistortion,% 9.1 ls.o 1.4.4
Total-pressurerecwery 0.969 0.936 0.926” .
Inlet velocityratl~ 1.56 1.32

LOcel static
1.20

preeaure
~ee-etreem total preemre 0.656 0.642 ‘- 0.640 .s

/-
Ice f-tlon

A
Ioe

/

before tunnel shutdown

formetionafter tunuel Shtaown

Phota~aphaafter10+ minutesof icing

(o) Run M. An@ of attaok, 8°; free-streamMEA number, O.~; free-st~ stetioair
temperature,18

.
F; Mquid-wetsr ocmtent,1.3 greme per oubio meter; volume+mdlen drop

dfemeter,16 mlorone.

Figure 14. - Continued. Maps of 10CS1 to free-s- totel-preseureratio at oqgmeseor .—

faoe and photographsof ioed model.
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The in icing, tin o
C&rectad weight flow, *

l.b/Eec 121.6 1.1.1.9
!l!otal-~ssm’edistortion,% 4●8 6.5
Total-pressme racavery 0.886 0.873
Inlet velocity ratio 1*I9 1.09

LOCS& BtatiC PT esiwre
lime -streamtotal ~eswre

0,912 0.912

41

5

J.(35.O
7.s
0.966
1.04

0.915

Photograph after 5 minutes d Ichg

(d) -10. ~ of a-ok, @j tie-e’t~ I&oh ~b=, O.~j free-streamstitlo ah
temperature,15° T; llquld-ustaroontant, 1.3 grams par oublc meter; vokmdlan drop
diameter,16 miorone. ...

Figure 14. - Comluded. Msps of 100R1 to frae-s’bsam-I-pressure ratio at omqwessor
faoeandphotographsof loadmcdel.

.

coNmmc7TIAL
W2A-mlmywn.


